Changes in plasma osmolality can drive changes in the output from brain centres known to control cardiovascular homeostasis, such as the paraventricular nucleus of the hypothalamus (PVN).
different cell groups with distinct neuro-hormonal functions (Swanson & Sawchenko, 1983) . Two morphologically distinct cell groups have been described: magnocellular neurosecretory cells (MNCs) that synthesise and release the peptide hormones AVP and oxytocin (OXT) and project exclusively to the posterior pituitary; and parvocellular neurons, that are further subdivided into two groups: one which releases corticortropinreleasing factor to evoke the release of adrenocorticotropic hormone from the anterior pituitary (Antoni, 1993) and another group, the preautonomic neurons that influences autonomic function via projections to the brain stem and spinal cord . The spinally projecting preautonomic neurons have also been categorised as intermediate and named mediocellular (Kiss, Martos, & Palkovits, 1991) . The preautonomic neurons influence blood pressure, heart rate and sympathetic nerve activity, including renal sympathetic nerve activity.
The transient receptor potential vanilloid type 4 channel (TRPV4)
is a non-selective cation channel transducing physical stress, for example, osmotic cell swelling or mechanical stress into intracellular Ca 2+ −dependent signalling (Sharif-Naeini, Ciura, Zhang, & Bourque, 2008) . More recently, it has been demonstrated that TRPV4 is activated by increased cell volume irrespective of the molecular mechanism underlying cell swelling and thus the channel is suggested to function as a volume-sensor, rather than (or as well as) an osmosensor (Toft-Bertelsen, Krizaj, & MacAulay, 2017) .
The TRPV4 channel may be involved in systemic osmoregulation and there is some evidence to support a physiological role for TRPV4 in the hypothalamic osmosensing nuclei (Liedtke & Friedman, 2003; Carreño, Ji, & Cunningham, 2009) . The TRPV4 channel is expressed in the PVN and SON where it is co-localised with AVP containing cells (Carreño, Ji, & Cunningham, 2009 ). Functionally, TRPV4 and calcium activated potassium (K Ca ) ion channels have been shown to couple as osmosensors in the PVN in mouse brain slices and rat isolated PVN neurons (Feetham, Nunn, Lewis, Dart, & Barrett-Jolley, 2015b) . Again in mice, intracerebroventricular administration of hypotonic artificial cerebrospinal fluid decreases blood pressure but not heart rate and inhibition of the TRPV4 ion channel attenuated this effect (Feetham, Nunn, & Barrett-Jolley, 2015a) . While these studies demonstrate a functional role for TRPV4 in osmosensing within the PVN, they do not establish which neurons express the channel, leaving open the question of the neuronal mechanism underlying these observations. Here we have used retrograde labelling of spinally projecting preautonomic neurons in combination with immunohistochemistry for TRPV4, AVP and OXT to determine where TRPV4 protein is expressed and its relationship to cell groups involved in osmosensing and cardiovascular homeostasis within the PVN. 
| MATERIALS AND METHODS

| Ethical Approval
| Injection of retrograde tracers
Six male wistar rats were anaesthetised intraperitoneally with medetomidine 0.25 mL/100 g and ketamine 0.06 mL/100 g prior to spinal cord injection of the retrograde tracer FluoroGold (FG; Fluorochrome -Denver, Colorado, USA LLC). The FG (2% in 0.9% saline) was pressure injected into the left intermediolateral region of the spinal cord at the T2 level (Watkins, Cork, & Pyner, 2009) . Following injection, analgesia was administered (0.01 mL/100 g buprenorphine) and the animals recovered for 7-10 days with ad libitum food and water.
| Perfusion-Fixation
After the recovery period, animals were terminally anaesthetised and perfused with heparinised saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4). Brains and spinal cord were removed, post fixed overnight at 4 C and then transferred to 30%
sucrose-phosphate buffer (4 C) until sectioned.
| Immunohistochemistry
Immunohistochemistry was carried out on free floating sections cut on a freezing microtome at 40 μm. Transverse sections of PVN were collected at the levels containing centres engaged in cardiovascular control (Swanson & Sawchenko, 1983; and longitudinal sections of spinal cord (100 μm) were used to confirm the location of the injection site within the intermediolateral cell column (Swanson & Sawchenko, 1983; 
| Cell Counts
Cell counts were generated using a cell counter plugin in the Java- 
| Antibody Specificity
These are all commercial antibodies subject to routine quality assurance (Table 1) 3 | RESULTS
| Spinally projecting preautonomic neurons
The injection site was identified and confirmed as being in the left intermediolateral cell column in all those animals whose tissues were used for immunohistochemistry ( Figure 1a ). 
| TRPV4 ion channel expressing neurons
The majority of TRPV4 labelled cells were prevalent in the posterior mag- 
| TRPV4 ion channel
The TRPV4 ion channel, a member of the transient receptor potential family of cation channels, responds to a broad range of stimuli includ- V1a receptor (Gilbey, Coote, Fleetwood-Walker, & Peterson, 1982; Backman & Henry, 1984; Ma & Dun, 1985; Malpas & Coote, 1994; Sermasi, Howl, Wheatly, & Coote, 1998) . The fact that rarely do PVN parvocellular neurons contain AVP seems at odds with the functional evidence and it may reflect that within the parvocellular neurons AVP is stored as neurophysin (Swanson, 1977; White, Krause, & McKelvy, 1986) .
Putative dendrites from the TRPV4-AVP neurons were seen to project into and through the preautonomic neurons and closley appose them. Again a similar pattern has been reported for PVN-RVLM projecting neurons (Son et al., 2013) . As all TRPV4 neurons are vasopressinergic and these neurons are a separate population to the parvocellular neurons irrespective of autonomic target, then we can suggest that the PVN-RVLM would not express TRPV4. Indeed a recent study provides evidence for another TRP family member (Hallbeck, Larhammar, & Blomqvist, 2001 ) while for those parvocellular neurons projecting to the stellate ganglion about 10% have been shown to be oxytocinergic (Jansen, Wessendorf, & Loewy, 1995) . Functionally, OXT has been implicated in autonomic regulation with a direct action on sympathetic preganglionic neurons (Gilbey, Coote, Fleetwood-Walker, & Peterson, 1982; Yasphal, Gauthier, & Henry, 1987; Sermas & Coote, 1994; Deusaules, Reiter, & Feltz, 1995; Yang, Wheatley & Coote, 2002) . While the primary roles of AVP and OXT are very different, oxytocinergic MNCs can also be activated by increasing osmolality but our evidence would indicate the TRPV4 ion channel is not part of the mechanism (Leng et al., 2001; Oliveria et al., 2004) .
| TRPV4-parvocellular interaction
The paraventricular nucleus of the hypothalamus has been shown to be critical to sensing and responding to changes in plasma osmolality (Bourque, 2008) . Disturbances in osmolality and the evoked cellular response involve TRPV4-activation coupled to the low-conductance calcium-activated potassium (SK) channel. An in vitro study using mouse brain slices and rat isolated PVN neurons demonstrated that anatomically and morphologically defined parvocellular neurons responded to osmolality (Feetham, Nunn, Lewis, Dart, & BarrettJolley, 2015b) . Superfusion of the brain slices with hypotonic artificial cerebrospinal fluid was found to reduce action current frequency and these effects were mediated by coupling of TRPV4/SK channels. Similarly, an in vivo study investigated whether hypotonic TRPV4 driven neuronal inhibition modulated cardiovascular parameters. In mice, intracerebroventricular administration of hypotonic solutions decreased mean blood pressure but not heart rate and inhibition of the TRPV4 channels abolished these effects (Feetham, Nunn & Barrett-Jolley, 2015a) . These studies support a central TRPV4 channel as important for sensing osmolality and the authors proposed the effects of its activation to be mediated by the channel expressed on spinally projecting preautonomic neurons (Feetham, Nunn, Lewis, Dart, & Barrett-Jolley, 2015b ). However, we have shown the TRPV4 channel is only associated with AVP MNCs. Therefore we suggest that the spinally projecting preautonomic neurons are activated indirectly by AVP released from MNCs in the same vicinity, this alternative explanation would be compatible with both our observations and the functional studies of Feetham and colleagues.
Release of AVP from MNCs is closely related to electrical activity of these cells (Leng, Brown, & Russell, 1999) . Magnocellular neurosecretory cells appear to positively correlate their rate of action potential discharge with extracellular fluid osmolality (Bourque, 1998) .
Under normal body fluid osmolality, the firing rate of the MNCs (~1-3 Hz) mediates basal AVP secretion, whereas hypotonicity and hypertonicity decrease and increase respectively, firing frequency and AVP release (Bourque, 1998) .
Recently crosstalk between AVP MNCs and PVN-RVLM projecting preautonomic neurons has been proposed (Son et al., 2013) . Activity dependent dendritic release of AVP from neurosecretory neurons has been shown to stimulate PVN-RVLM preautonomic neurons demonstrating a mechanism for interpopulation crosstalk (Son et al., 2013 (Chen & Toney, 2001) . This effect was shown to be due to intranuclear release of AVP from MNCs because blockade of the V1a receptor within the PVN blunted the increase in renal sympathetic activity suggesting the AVP was contributing to the sympathoexcitation (Son et al., 2013) . Thus central osmotic challenge is able to modulate sympathetic output; and separate studies have shown that this can be attenuated centrally either by TRPV4 inhibition (Feetham, Nunn & Barrett-Jolley, 2015a) or blockade of V1a receptors on spinally projecting preautonomic neurons (Son et al., 2013) . Our demonstration of TRPV4 on AVP MNCs suggests these effects may be mediated via release of AVP from these neurons onto preautonomic sympathetic neurons with which they are in close proximity.
| Conclusion
Our study provides an anatomical understanding of how changes in osmolality may affect sympathetic output from spinally projecting neurons within the PVN of the hypothalamus. Osmotic sensing by the TRPV4 ion channel expressed on AVP MNCs may lead to dendritic release of AVP and its subsequent diffusion onto preautonomic networks. The precise mechanism for sensing and signalling of osmotic disturbances and thus blood plasma volume has important implications in heart failure as recent evidence would suggest AVP modulation of sympathoexcitibility is impaired in disease. A reduction in the expression of SK (small conductance K ca channels) in hypothalamic MNCs in heart failure rats has been shown to contribute to the hyperexcitibility of those neurons (Ferreira-Neto, Biancardi & Stern, 2017 ).
An increase in hypothalamic MNC excitability could lead to increased AVP release and the well documented sympathoexcitation observed in heart failure animals (Abboud, 2010) . Functional studies in combination with anatomical analyses detailing the location of osmosensitive proteins on cell groups within cardiovascular control centres and their interconnections, is gradually revealing the mechanisms underpinning cardiovascular homeostasis.
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